The life span of gas-turbine coatings may be restricted by type II hot corrosion when exposed at elevated temperatures in aggressive environments during service. Temperature dependence of corrosion morphologies and kinetics of NiAl coating on a 2 nd generation single crystalline Ni-based superalloy was studied in the present work to provide an insight into the possible corrosion mechanisms. A series of tests were performed at 600 °C -800 °C in air-300
In the present work, we will report type II hot corrosion behavior of NiAl coating on a 2 nd generation Ni-based superalloy at various exposure temperatures with a salt mixture of Na 2 SO 4 -20 % K 2 SO 4 . Different to previous studies with high SO 2 contents, [19] [20] [21] air-300 ppm SO 2 was used in the present work to find out the critical conditions of liquid stabilization and subsequent initiation of hot corrosion. In addition to experiments, the stability diagram of Na 2 SO 4 -NiO-SO 3 and the phase equilibria as a function of temperature and p SO 3 were calculated and compared to the literature data, thereby re-assessing the calculations in. [8, 11] Based on the experimental and calculated results, the effect of temperature and alloying elements on corrosion rate and morphology was then extensively discussed.
2.
Materials and methods
Materials
A Ni-based second generation single crystalline superalloy SC2000 was used as the substrate in the present study. It was aluminized by an industrially employed chemical vapor deposition method (CVD). The diffusion coating is with a thickness of around 60 µm and can be divided into two parts with respect to the microstructure, as shown in Figure 1a . Referring to our previous study [13] and Figure 1 , the outer coating consisted of β-NiAl with a composition of around 50 at. % Al, 5 at.% Co and 1 at.% Cr and Cr-rich precipitates along the grain boundaries.
The precipitate phases in the inner coating were identified as M 6 C (M = W, Cr, Mo, Co) and μphase A 6 
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Experimental procedure
Rectangular coupon specimens of 20×10×2 mm 3 were used for hot corrosion tests. 82
wt. % dry salt powder was added into a special solvent, which consisted of 95 wt. % Terpineol and 5 wt. % Ethyl cellulose, to produce a deposit slurry. The dry salt mixture was 80 mol.% Na 2 SO 4 -20 mol.% K 2 SO 4 (short for Na 2 SO 4 -20 % K 2 SO 4 ) and the melting temperature of this composition is 830 °C according to Na 2 SO 4 -K 2 SO 4 phase diagram. [22] The binary salt mixture of Na 2 SO 4 
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This article is protected by copyright. All rights reserved removing the solvent by drying was 99 wt. % salt mixture + 1 wt. % cellulose. Samples were weighed before painting and after drying. Around 30 mg / cm 2 salt mixture was applied onto the samples. The painted samples were then placed into alumina crucibles and exposed in a horizontally arranged furnace. A duplex reaction tube made of quartz (outer part) and sintered alumina (inner part) was employed. The specimens were placed in the furnace at room temperature. The furnace was evacuated, filled with synthetic air-300 ppm SO 2 , heated up to the specific temperature (600 -800 °C), held for 24 h and cooled down to room temperature.
Afterwards, the furnace was filled with normal air and the specimens were taken out for subsequent investigation. Synthetic air-300 ppm SO 2 (SO 3 was produced by the reaction between O 2 and SO 2 ) gas flowed through a platinum honeycomb catalyst before flowing over the specimens to establish the equilibrium gas composition. The heating and cooling rate were 10 °C/min and 2 °C/min, respectively.
After exposure, all samples were mounted, ground and polished to 0.25 µm surface finish using an oil-based solution to preserve any water soluble species. The cross-sections of the corroded samples were analyzed by SEM/EDX to characterize the distribution of main elements.
The attack depth was determined by measuring the difference between the original coating and the remaining coating thickness after exposure. Since the initial coating thickness varied slightly from specimen to specimen, it was measured individually in the cross-section SEM images of the unpainted part. The remaining coating thickness was obtained by stitching multiple images with a length total of 10 mm in the cross section and measuring the distance between the attack front Accepted Article of the attack depth were calculated by comparing the coating thickness in the specimen part without deposit and remaining coating thickness affected by hot corrosion.
Thermodynamic calculations
In the present work, calculations were performed with software FactSage 7.2. [23, 24] A thermodynamic database for sulfates system including Na 2 SO 4 was in-house developed [25, 26] and was presented earlier. [27] NiSO 4 was subsequently implemented into the database by modifying the description of solid and liquid solutions and adding Ni-containing compounds into it. The modification of the database is based on NiSO 4 -Na 2 SO 4 phase diagram and thermodynamic
properties of relevant compounds. The extended database was used for the present calculation.
Experimental Results

Type II hot corrosion morphology of β-NiAl coating
The morphology of the specimen after exposure at 700 °C in air-300 ppm SO 2 for 24 h with Na 2 SO 4 -20 % K 2 SO 4 deposit is presented in Figure 2 . A uniform corroded layer formed on the surface of the coating. Figure 2a shows both the specimen part covered by the salt mixture and the salt-free part. The salt free part remained un-attacked indicating that the β-NiAl phase was oxidation and sulfidation resistant in the current exposure condition, which is consistent with the literature. [28] In order to identify the corrosion products, EDX maps were obtained from the cross section, which are shown in Figure 3 . A uniform aluminum rich oxide layer penetrated by Na, K sulfates was observed as the main corrosion product (Figure 3d -h). It was found that Ni and Co not only dissolved into the sulfate, but also re-precipitated at the gas/scale interface as a thin oxide layer (Figure 3a and b ). An Al-depleted zone was found to form beneath the scale ( Figure 3g ), which is attributed to the consumption of Al during the hot corrosion reaction.
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The morphology of the specimen after exposure at 700 °C in air SO Accepted Article SO 4 Accepted Article Figure   5c -f. Both the mean value and the maximum value of the attack depth increased with increasing temperature and then dropped at 800 °C, as shown in Figure 6 . It demonstrates again that the studied kind of gas induced acidic fluxing is very sensitive to exposure temperature.
Thermodynamics of Na 2 SO 4 -NiO-SO 3 system
The experimental results indicate that the severest attack occurs at 700 °C and 750 °C, but not at 800 °C. In order to explain these observations, extensive thermodynamic assessment of the Na 2 SO 4 -NiO-SO 3 system was performed in the present work.
Reactions for liquid formation in the Na 2 SO 4 -NiO-SO 3 system
It is generally accepted that a liquid deposit is necessary to initiate severe type II hot corrosion [2] although in some cases, considerable corrosion may result from solid deposits. [29] For Na 2 SO 4 induced hot corrosion of Ni based alloys (the effects of alloying elements are excluded in this section to simplify the reactions), the liquid phase forms via the reactions shown in equations (1) -(4): 
Reactions (2) -(4) can be combined as equation (5):
NiO (s) + SO 3 (g) = NiSO 4 (l) (dissolution into Na 2 SO 4 liquid solution) (5) If the activity of NiO (s) is assumed to be 1, the Gibb's energy change of reaction (5) can be written as:
Where R is the gas constant and ���� � � is the activity of NiSO 4 in molten NiSO 4 -Na 2 SO 4 mixture.
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Calculation of Na 2 SO 4 -NiO-SO 3 stability diagram
In the present study, thermodynamic calculations were performed using the computational package FactSage. [23] An in-house developed oxide database combined with the commercial database for pure substances SGPS [30] was used for the equilibrium calculations under defined conditions. All available phase relations were taken into account by calculation:
the Gibbs energy of a system is minimized in order to find the equilibrium state. The melting point of pure NiSO 4 and the entropy of melting were determined experimentally recently by Kobertz et al. [31] and included in the database. The stability phase diagram of Na 2 SO 4 -NiO-SO 3 system as a function of temperature and SO 3 partial pressure was calculated by FactSage using the Phase diagram module. In order to represent the experimental conditions, O 2 , SO 2 /SO 3 and inert gas (Ar) were chosen as gas constituents. The total gas pressure was set as 1 atm. The partial pressure of O 2 was fixed at 0.21 atm. and the SO 3 partial pressure varied from 10 -5 to 0.1 atm. 0.62 Na 2 SO 4 + 0.38 NiO was defined as the composition of the condensed phase, which is the eutectic composition of Na 2 SO 4 -NiSO 4 system according to the binary phase diagram. [32] It should be noted that the results are obtained for equilibrium conditions only, and potential kinetic effects are not considered. Moreover, the calculation results should be validated for such complex system with respect to the reliability of implemented thermodynamic data mainly due to the assumptions made during the development of the thermodynamic database in view of the lack of experimental data.
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Kobertz et al. [31] Accepted Article [31] and included in the database. The stability phase diagram of The calculated stable phases are plotted as a function of temperature and SO 3 partial pressure in Figure 8a (solid blue curves). It shows that only solid phases are stable, when the temperature is lower than the eutectic of NiSO 4 and Na 2 SO 4 , namely 671 °C. In the temperature range between NiSO 4 -Na 2 SO 4 eutectic and the melting point of Na 2 SO 4 , as p SO 3 increases to a certain level, the stable liquid starts to form. In order to compare the experimental data to the calculation results, SO 3 partial pressure for air-300 ppm SO 2 as a function of temperature was also calculated by FactSage Equilibrum module and superimposed on the data in Figure 8a and b (green dashed lines). The minimum p SO 3 required for liquid formation (bottom blue line in Figure   8a ) increases with increasing temperature; however, the equilibrium constant of reaction (1) for SO 3 production from SO 2 decreases at the same time (green dashed line in Figure 8a and b) as is well known from literature. [8] It is therefore inferred that formation of NiSO 4 -Na 2 SO 4 liquid is suppressed at the higher temperatures (but below the melting temperature of the deposit) in a given atmosphere with a fixed ratio of oxygen to sulfur. Occurrence of the attack at 800 °C is therefore not favored according to the stability calculation.
Comparison of the stability diagram to that calculated from the literature
The stability diagram calculated by Misra et al. [11] is also presented in Figure 8b Accepted Article
Comparison between corrosion experiments and thermodynamic predictions
In order to simplify the system and better understand the mechanisms, the effect of temperature on the reactions between Ni, Na 2 SO 4 , O 2 and SO 2 /SO 3 was studied from the thermodynamic point of view in the present study. As shown in Figure 8a (the bottom blue curve), the minimum SO 3 partial pressure required to stabilize the Na 2 SO 4 -NiSO 4 liquid solution increases with increasing temperature between approximately 670 and 820 °C. At the same time, p SO 3 in the studied air-SO 2 /SO 3 atmosphere decreases with increasing temperature (Figure 8a and   b ). Therefore, the overall tendency to form Na 2 SO 4 -NiSO 4 liquid decreases with increasing temperature in the investigated temperature range. According to our thermodynamic calculation ( Figure 8a) , Na 2 SO 4 -NiSO 4 liquid is expected to be stabilized by 300 ppm SO 2 at 700 °C but not at 800 °C. In the present experiments, a pronounced frontal attack was observed at 700 °C but not found at 800 °C after 24 h exposure (Figure 5c , e and f), which is in excellent agreement with the calculations in Figure 8a . It can be concluded that the initiation of the attack is strongly governed by the NiSO 4 -Na 2 SO 4 liquid stability and therefore by the gas composition and the exposure temperature, even for such a complex coated material. At 750 °C, pronounced attack was observed, as shown in Figure 5d , however the calculated SO 3 partial pressure in the atmosphere is slightly below that necessary to stabilize the liquid phase. The reasons for the variation between the experimental and calculation results at 750 °C will be discussed in Section 5.2.
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Possible mechanisms of hot corrosion reactions at different temperatures 600 °C:
Although 600 °C is below the eutectic temperature of NiSO 4 -Na 2 SO 4 , a minor corrosion attack was found after 24 h exposure (Figure 5a and b) . Cobalt oxide was found in the corroded layer at the gas/deposit interface after exposure at 600 °C (not shown here), as well as at 700 °C ( Figure 3c ). The eutectic temperature of Na 2 SO 4 -CoSO 4 and K 2 SO 4 -CoSO 4 are 565 °C [8] and 540 °C [33] , respectively. Thus, the attack at 600 °C may result from the presence of Co in the coating and Na 2 SO 4 /K 2 SO 4 -CoSO 4 liquid formation. Besides, Kistler et al. [29] recently proposed a new solid-state mode for hot corrosion at temperatures below 700 °C. They found a metastable phase Na 2 NiSO 5 at the interface between Na 2 SO 4 and NiO and at the grain boundaries of the Na 2 SO 4 deposit, which provided short-circuit paths for Ni outwards diffusion, thereby accelerating the corrosion process. According to their study, a similar compound was also found when K 2 SO 4 was used as the deposit. Such solid-state reaction and diffusion of Ni could also explain the minor hot corrosion attack observed at 600 °C in the current study.
°C:
In the present study, NiO was found on the surface of the corroded layer (Figure 3b ), which demonstrated the outward diffusion of nickel ions in the molten salt and the reprecipitation of NiO on the very surface. A similar phenomenon was also observed in several Ni based alloys by other researchers. [16, 20, 34] However, in pure nickel case, the dissolution of NiO into the salt was found to stop once the melt was saturated, thereby hindering NiO reprecipitation on the surface of the salt. [19] As the solubility of NiO displayed a positive gradient towards the gas/salt interface, there was apparently no driving force for outward diffusion of Ni 
Severe uniform attack was found at 750 °C after 24 h exposure (Figure 5d ), whereas stable Na 2 SO 4 -NiSO 4 can barely form under the exposure condition according to the thermodynamic calculation. One possible reason for this discrepancy is the presence of various alloying elements in the coating. Co oxide is found on the surface of and within the corrosion products after exposure at 700 °C ( Figure 3 ) and 750 °C (not shown here al. [11] (orange solid curves) This article is protected by copyright. All rights reserved
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The corrosion attack morphology change significantly with changing of the exposure temperature. The influence of temperature and p SO 3 on phase equilibrium of the salt and oxide mixture was calculated with an in-house developed thermodynamic database. The predicted minimum p SO 3 for NiSO 4 -Na 2 SO 4 liquid formation is consistent with the experimental results.
The possible mechanisms of hot corrosion at different temperatures were extensively discussed based on the experimental and calculation results.
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